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a  b  s  t  r  a  c  t
Between  2003  and  2007  the  Hungarian  Paks  NPP  performed  a  large  modernization  project  to upgrade  its
VERONA  core  monitoring  system.  The  modernization  work  resulted  in  a  state-of-the-art  system  that  was
able to support  the  reactor  thermal  power  increase  to  108%  by more  accurate  and  more  frequent  core
analysis.  Details  of  the  new  system  are  given  in Végh  et  al. (2008), the  most  important  improvements
were  as follows:  complete  replacement  of  the  hardware  and  the  local  area  network;  application  of  a new
operating  system  and  porting  a large  fraction  of the original  application  software  to the  new environment;
implementation  of  a  new  human-system  interface;  and  last  but  not  least,  introduction  of new  reactor
physics  calculations.  Basic  novelty  of  the  modernized  core  analysis  was  the  introduction  of  an  on-line
core-follow  module  based  on  the  standard  Paks  NPP  core  design  code  HELIOS/C-PORCA.  New  calculations
also  provided  much  ﬁner  spatial  resolution,  both  in  terms  of axial  node  numbers  and  within  the fuel
assemblies.  The  new system  was able  to calculate  the  fuel  applied  during  the ﬁrst  phase  of power  increase
accurately,  but  it was  not  tailored  to determine  the effects  of burnable  absorbers  as  gadolinium.  However,
in  the  second  phase  of the  power  increase  process  the application  of fuel  assemblies  containing  three
fuel  rods  with  gadolinium  content  was intended  (in order  to optimize  fuel  economy),  therefore  off-line
and  on-line  VERONA  reactor  physics  models  had  to be  further  modiﬁed,  to be able  to  handle  the new fuel
according  to the accuracy  requirements.  In the present  paper  ﬁrst a brief  overview  of the  system  version
(V6.0)  commissioned  after the ﬁrst modernization  step  is outlined;  then  details  of  the modiﬁed  off-line
and  on-line  reactor  physics  calculations  are  described.  Validation  results  for new  modules  are  treated
extensively,  in order  to illustrate  the  extent  and  complexity  of  the  V&V  procedure  associated  with  the
development  and  licensing  of  the  new  calculations  running  in  version  V6.22  of  VERONA.  Some  details  on
the  experience  collected  during  the  operation  of the new  reactor  physics  calculations  are  also  discussed.
Finally  conceptual  plans  for  the  next  system  modiﬁcation  phase  are outlined  brieﬂy;  these  changes  are
induced  by  the  forthcoming  in
long  cycles).
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. Introduction
.1. Motivation of model developments
The basic aim of system development activities carried out
etween 2003 and 2007 was to establish a core monitoring system
apable to support the reactor power increase process of the plant
atisfactorily. This ﬁrst modernization step resulted in the instal-
ation and commissioning of VERONA version V6.0, i.e. the system
hich was used at all Paks units during the power increase project
o monitor core safety at elevated core power levels. This version
ulﬁlled the expectations, since it was reliably working during its
omplete utilization period (until 2010). During this period the core
hermal power of all Paks units was increased to 108% in such a
anner, that safety requirements were continuously satisﬁed and
imit violations were avoided (see Végh et al. (2008) for details).
When it was installed, however, version V6.0 was  not ready to
andle fuel assemblies with burnable poison. The reason for this
eﬁciency was the time delay between the development of the
ew core analysis tools and the ﬁnalization of the fuel design to be
sed during the second phase of the power increase project. Final
cceptance of this “optimal” fuel assembly design and the start of
ts licensing process happened about two years after the approval
f the V6.0 system design document, therefore it was  impossible to
ake into account requirements related to the “optimal” fuel during
ystem development phase. Due to these circumstances the plant
ater initiated a second development step, aimed at developing new
eactor physics modules for handling the “optimal” fuel containing
hree rods with gadolinium absorber. It has to be noted that the
pplication of this fuel type was a strategic question for the plant,
ecause this fuel ensured optimal fuel economy also at increased
108%) power level.
Design, development, testing, installation and commissioning
ctivities related to the new V6.2 version took place between 2008
nd 2010 (the preceding version V6.1 contained only minor modi-
cations compared to V6.0 and none of these were related to core
alculations).
Computational capabilities of version V6.2 surpass previous ver-
ions in several aspects:
it is able to handle fuel assemblies with three gadolinium
absorber rods accurately;
it can handle mixed (“transitional”) cores containing various fuel
assembly types;
it is able to run an advanced 2D extrapolation calculation with a
2 second cycle;
it includes advanced neutron physics and thermal-hydraulics
models;
it uses an accurate model for assembly outlet temperature mea-
surement interpretation.
Version V6.2 was installed successfully at all Paks units and it
as operating satisfactorily during the introduction of the “opti-
al” fuel assemblies, including their “lead test” period (see Beliczai
nd Parkó, 2009).
Due to increased computational needs the computing resources
emanded by the reactor physics analysis have increased signiﬁ-
antly, and the load of the reactor physics server computers has
een almost doubled, if compared to previous version. This prob-
em was solved by replacing the processors of these machines with
ore powerful processing units.
It is natural that the operation of a power reactor unit con-inuously creates new operator’s needs or suggestions, therefore
he development of an on-line core monitoring system actually
ever stops, only from time to time it comes to a temporary
alt. It is true for the VERONA system, as well, because shortlyd Design 292 (2015) 261–276
after the commissioning of version V6.2, a slightly amended ver-
sion was installed upon the request of the plant (V6.21 contains
a monitoring and reporting module to detect control rod mis-
alignments or control rod drop). The presently operated V6.22
version also contains a new module with its associated human-
system interface to monitor and report signiﬁcant discrepancies
between redundant primary loop and core temperature measure-
ments.
1.2. Project organization and main development steps
As a result of a tendering process, KFKI AEKI was  selected as
main contractor to perform the modernization of on-line and off-
line reactor physics codes. A detailed conceptual plan was  prepared
as a ﬁrst step; after its approval the system design document
was compiled, describing new algorithms and their programmed
implementation. Special attention was paid to the veriﬁcation and
validation (V&V) of the new reactor physics codes, therefore a
detailed V&V plan was  prepared containing details of all tasks in
the V&V process (results of the V&V procedure are outlined in Sec-
tion 4). It has to be noted that the new reactor analysis modules
were designed, coded, tested and documented in close co-operation
with the Reactor Physics Department of the plant. This approach
ensured direct feedback from an important end-users’ group of
the core monitoring system, and also created a framework to have
frequent discussions and information exchanges with the plant’s
reactor physicists.
After programming activities were ﬁnished at module level
(including individual module tests), system integration and integral
V&V tests were carried out. Several Paks NPP experts participated
in the speciﬁcation, data delivery, testing and commissioning activ-
ities and their involvement resulted in a seamless acceptance of the
new system. The location of integral tests with long duration (e.g.
of tests lasting several weeks) was a special VERONA conﬁguration
assembled at Unit 3. This “test” conﬁguration is devoted to carry
out tests in a hardware and software environment as close to the
unit conﬁgurations as possible. Measured plant data can be trans-
ferred to this system from any selected unit, then data processing,
visualization etc. is carried out exactly the same way  as at the unit
VERONA. This feature gives the opportunity to compare the results
given by the new calculation models with those produced by the
“licensed” program version running at the unit and facilitates error
detection to a great extent. Another unique “test ﬁeld” is provided
by the VERONA conﬁguration installed at the Paks full-scope train-
ing simulator. In this case the simulator can be used as ﬂexible
test data source providing a wide variety of process transients and
malfunctions that are obviously unavailable at the units.
After completing all prescribed off-line and on-line V&V tests,
the new calculation system was run on-line for several weeks at the
Unit 3 VERONA test conﬁguration, receiving data from a selected
unit in every two  seconds. The basic aim of this long-term parallel
operation was  to reveal potential stability problems (e.g. memory
leaks or oscillations) and to check calculations related to the deter-
mination of fuel isotope concentrations and time-integrals like fuel
burn-up. All test results were handed over to the licensing author-
ity and ﬁnally the Hungarian Atomic Energy Authority issued the
license to perform software modiﬁcations at the units. Installations
at the units were carried out in the following two  years, according to
the gradual introduction of the new fuel assemblies with burnable
poison.2. System architecture and main functions
The scheme of the presently operated unit VERONA systems is
shown in Fig. 1.
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Hardware components constituting a VERONA system installed
t Paks units can be grouped into the following main categories:
Data collection computers: ﬁve PDA cabinets (CPU + associated
measuring cards) performing in-core data collection tasks.
Server computers: professional, 64 bit machines running under
Windows-2003 Server operating system.
Display workstations: professional, 32 bit computers running
under Windows XP operating system.
Local area network: a redundant 100 Mbit/s network containing
Hirschmann devices and using only standard protocols belonging
to the TCP/IP family.
Printers: a high capacity colour laser printer is installed at every
computer room.
.1. Data collection computers
Five PDA (polyp data acquisition) cabinets handle in-core and
rimary circuit measurements plugged into the VERONA system.
he ﬁve cabinets measure altogether about 1100 signals, among
thers 210 assembly outlet thermocouples, 252 SPND currents + 36
PND background signals, 12 primary loop temperature and 36 cold
unction resistance thermometers, 24 loop temperature thermo-
ouples, 37 coarse and 37 ﬁne control rod position indicators and
 large number of discrete signals (e.g. pump and valve states).
mportant signals are measured by two PDA units, in order to
ncrease their availability. A PDA cabinet consists of a system con-
rol card, a VME  CPU card, a network interface card and various
easurement cards for measuring discrete signals and for ana-
ogue signals with standard and high precision. Measurement cards
re manufactured according to the VME  standard and all cards arereactor protection system information gateway main control room; RPS GW ECR,
 data processing; RPH, reactor physics; PDA, polyp data acquisition (in-core data
 interface; CPU, central processing unit.
inserted into a VME  crate located in an industrial rack with seismic
qualiﬁcation.
2.2. Server computers
Two  data processing servers (VDP servers) receive measured
input signals from the in-core data acquisition system and from
other data sources (e.g. RPS gateways and plant computer). These
two servers are operated in active/background task division mode,
i.e. both machines receive all input signals in every measure-
ment cycle and they perform all data processing actions (including
archive data storage), but display workstations are connected to
the “active” server only, as default. The active/background assign-
ment is determined automatically by the supervisor system, using
actually available hardware and software diagnostics information.
Reactor physics calculations are performed on the RPH server
computers. A “partner” RPH machine is dedicated to each VDP
server and the two  VDP + RPH pairs form two  redundant and fully
independent core analysis chains that are operated in a completely
parallel manner. RPH servers have two  processors and sufﬁciently
large memory and they are equipped with a large disc capacity to
store the reactor physics data archive (abbreviated as RAR).
External users and the VERONA-e expert system (see later)
are served by two external data server computers (EXD servers)
installed at Unit 2 and 3. A single EXD machine is tailored to serve
up to 10 external users simultaneously; it functions as a multi-user
graphic workstation.
The four server machines working in a unit VERONA conﬁgura-
tion are identical, if hardware is considered: all computers have two
processors (two extra processors can be added, if needed) and at
least 2 GB memory. They have a RAID disc system with minimum
400 GB capacity and a DVD-RAM device for program installation
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nd data transfer purposes. VDP servers also have a fast tape unit to
tore large data archives. Servers are mounted in standard indus-
rial racks with seismic qualiﬁcation. All servers have redundant
ower supplies, with automatic switch-over feature.
.3. Display workstations
Display workstations represent the primary user interface of the
ore monitoring system. Their basic function is to display animated
rocess pictures showing information related to the core and the
rimary circuit. Visualization of these pictures is carried out by
sing a commercial-off-the-shelf SCADA tool called iFIX. The work-
tations are standard PC machines with 21′′ screens and the screen
esolution is 1280 × 1024 pixels.
.4. Application software system
VDP servers use MS  SQL Server 2000 relational database man-
gement tool to store archive data and to maintain an SQL
ompatible off-line database storing all signal speciﬁcations and
ttributes. External workstation users connect to the EXD servers
y using Remote Desktop sessions, utilizing the Terminal Server
ervice in the Windows 2003 Server operating system. Display
orkstations use the iFIX graphic system to show and animate
rocess pictures. Data are transferred from the VDP servers to the
orkstations by using an OPC server program.
Basic functions performed by the application software are as
ollows:
Receiving measured signals:  measured signals are obtained from
the PDA in-core data acquisition system as well as from other
data sources by the VDP servers periodically, by using appropri-
ate network communication modules. The cycle time is 2 s for
all input data and all measured signals are stored in the on-line
database.
On-line database management: latest available values for all mea-
sured and calculated signals are stored in a fast, memory-resident
database called on-line database, abbreviated as VDB. Programs
performing standard signal processing retrieve their input data
from the VDB and they write their results back. The OPC server
(feeding the graphic displays with data) sends signals from the
on-line database to the workstations.
Performing reactor physics calculations: programs taking care of
reactor physics analysis run on the RPH server computers and
they use a fast, memory-resident local database called RPhDB.
The RPhDB has a bidirectional interface with the on-line VDB
database located on the partner VDP server. It has to be noted that
this special database was  maintained through the years to ensure
the possibility to run the whole reactor physics calculation sys-
tem independently from the actual VERONA hardware/software
conﬁguration (this feature is utilized for example in the VERONA-
e expert system). RPH servers maintain a special archive system
called RAR for storing all reactor physics data required to perform
a complete post-mortem analysis for any reactor state recorded
in the past. The organization of the RAR is not relational; actually
it contains RPhDB snapshots arranged in large circular buffers.
RPH communication: bidirectional data transfer between VDP and
RPH servers is carried out by the RPHC subsystem. Pre-processed
measured input signals are periodically sent to the RPH servers
to feed reactor physics calculations with input data. Calculation
results are sent through the network back to the partner VDP
server, where the communication client writes them into the on-
line database to initiate their standard signal processing. Network
communication modules use the TCP protocol exclusively.
Off-line database management: descriptive information items cor-
responding to measured and calculated signals are stored in thed Design 292 (2015) 261–276
DBM (DataBase Manager) subsystem having a relational orga-
nization. The content of the actual on-line database is prepared
from this database in an automatic and programmed manner, at
every system start-up.
• Archive database management: all measurements and selected
calculated signals are stored for a sufﬁciently long time interval
in data archives having relational organization. Stored data can
be used to perform a complete post-mortem analysis at any later
moment.
• Event and alarm handling: a dedicated subsystem takes care of
event and alarm handling, including alarm acknowledgement as
well as broadcasting events and alarms to all computer nodes
installed in the given VERONA conﬁguration.
• System operation management: system operation and mainte-
nance personnel are provided with a special menu system
applicable to perform routine O&M tasks, such as off-line
database modiﬁcation, on-line database monitoring, viewing
of system journals and action lists, issuance of system, node
start/stop commands, etc. The system menu ensures a controlled
and safe environment for issuing various commands and in fact
it proved to be a very useful tool for the O&M personnel.
• System diagnostics and supervision: diagnostic information items
characterizing actual hardware and software “health state” of the
servers and workstations are continuously collected by a dedi-
cated diagnostics subsystem. The supervisor system broadcasts
these information items to every VERONA node periodically and
it uses actual diagnostics data to determine active/background
server states and the availability of workstations.
• Time synchronization: clocks of the servers and workstations are
synchronized to the plants’ central clock (Master Calendar) to
ensure correct time-stamping of all signals.
• OPC-based data service:  data displayed on the graphic worksta-
tions are transferred from the VDP servers to the display stations
according to the OPC standard.
• Miscellaneous auxiliary functions: the system has a large number
of additional auxiliary functions related to system operation and
maintenance activities, database queries, test management, as
well as to special reactor physics tasks.
2.5. Special VERONA conﬁgurations
In addition to the standardized VERONA conﬁgurations working
at the four Paks NPP units there are also three “reduced” conﬁgu-
rations in operation at the plant. These conﬁgurations are specially
tailored to carry out speciﬁc tasks, as follows. The VERONA-t
(“test”) conﬁguration ensures an environment to perform on-line
system tests and post-mortem analyses using data recorded in
the archives. Its primary function is to support realistic testing of
various software modiﬁcations, including new reactor physics cal-
culations. The conﬁguration contains four servers (two VDP + RPH
pairs) and a display workstation, but it does not have PDA in-core
data acquisition units and its local area network is not redundant.
However, it has a sufﬁciently large disc storage capacity to store
data archives for all units for at least two preceding fuel cycles.
When performing on-line tests, the system can receive all mea-
sured input data from any selected unit (the minimum cycle time
for the data feed is 2 s) and can process them in the same way  as it
happens at the unit conﬁguration. This parallel operation ensures
a unique possibility to accomplish detailed test scenarios and this
feature was  utilized extensively during the factory acceptance
tests of version V6.2, when results given by the new and old reactor
physics models were compared. Moreover, the Hungarian Atomic
Energy Authority approves tests carried out at the VERONA-t
conﬁguration as an appropriate FAT procedure and the results can
be used as the basis of regulatory decisions on the licensing of new
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ERONA versions. The conﬁguration also functions as the software
erver for the systems installed at the units.
Another special conﬁguration was assembled to serve operators’
raining at the Paks full-scope training simulator. The VERONA-s
“simulator”) system is installed in the simulator computer room
nd it has no redundant servers and its network is also non-
edundant. The basic function of the system is to ensure a user
nvironment identical to the one provided by a core monitoring
ystem working at a Paks unit. The system receives all input data
rom the full-scope simulator through the network; then signal
rocessing is performed in the same way as at the units. The ﬁdelity
f the system is high and it can be used during transient and acci-
ent conditions, as well.
The simplest special conﬁguration is the VERONA-e (“expert”)
ystem that can even run on a powerful Windows or Linux worksta-
ion. The basic function of the system is to perform off-line reactor
hysics calculations, post-mortem analyses and various reactor
hysics studies. It has its own special human–system interface that
as created and specially tailored to meet the needs of Paks NPP
eactor physicists. The system contains the RPhDB reactor physics
atabase plus all modules that are necessary to perform a complete
eactor physics analysis. The system takes its input data only from
he RAR reactor physics archives. Data can be previously recorded
t any Paks unit or they can be requested “quasi on-line” from the
ctual RAR of a selected unit.
. Core analysis
.1. Overview of reactor physics calculation system
The basic function of the Paks NPP core monitoring system is
o provide reliable on-line core information to the control room
ersonnel and to produce data archives supporting detailed reac-
or physics analyses. The reactor physics code system calculates
49 × 50 × 126 fuel pin cells (the thermal-hydraulic analysis is car-
ied out for 349 × 258 sub-channels); the cycle time for a complete
ore analysis is 2 s. In stationary reactor states the C-PORCA code
erforming the most detailed core calculation (at fuel rod level)
s run only once in every hour and its results are utilized by the
alculations running in the 2 s cycle. In transient reactor states the
synchronous calculations run continuously (i.e. as fast as possi-
le), in order to provide as frequent core-follow calculations as
llowed by the computer hardware resources. With the present
eactor physics hardware the minimum repetition time is around
ne minute.
The primary aim of on-line reactor physics analysis is to deter-
ine 2D and 3D core power distributions, in order to assess actual
argins to predetermined core safety limits. 2D and 3D calculation
rocedures are traditionally called 2D and 3D extrapolation in the
ERONA system, therefore they will be referred to by these names
n the paragraphs below.
The basis of core analysis in the present VERONA system is the
peration of the standard Paks NPP core design code C-PORCA in
ore-follow mode. The code is fully integrated into the on-line exec-
tive system and it is operated in a change-sensitive manner. If the
eactor is in stationary state then the core state is followed period-
cally, once every hour. Whenever a signiﬁcant change is detected
n the reactor state (for example control rods move) a new cal-
ulation is started automatically. In every calculation step a full
360◦) core calculation is performed, with actual reactor operation
onditions taken into account as input (e.g. control rod positions,
ore inlet temperature, etc.). In a calculation step all relevant core
arameters are updated (e.g. fuel isotopic composition, xenon and
amarium concentrations, fuel burn-up, etc.) and a criticality cal-
ulation is performed to determine the critical boron concentrationd Design 292 (2015) 261–276 265
corresponding to the given reactor state. After the critical state was
established the 2D and 3D core distributions are calculated and the
sub-channel analysis is performed, as well.
In the core of a VVER-440/213 reactor 210 fuel assemblies have
thermocouples installed at their outlet. Such a device measures a
temperature value close to the average temperature of the coolant
when leaving the given assembly (it is not exactly providing the
average, details of the correct measurement interpretation method
are given in Section 3.3). The basic task of 2D extrapolation is
to provide reliable assembly coolant heat-up (T) values also for
those fuel assemblies that are not equipped with outlet thermocou-
ples. The ﬁnal result is a 2D distribution providing assembly power
values for the 349 fuel assemblies residing in the core.
In version V6.0 the 2D extrapolation is carried out by the
GEPETTO model which is based on the general perturbation theory
(GPT). Theoretical details are, e.g., given in (Pós, 1994).
The basic aim of the 3D extrapolation is to determine the power
distribution at fuel rod level. A standard VVER-440/213 fuel assem-
bly has 126 fuel rods and calculations are carried out at 50 axial
levels, therefore the ﬁnal result is a 3D distribution containing
349 × 50 × 126 nodal powers corresponding to the number of fuel
pin nodes treated by the 3D analysis.
In version V6.0 the 3D extrapolation is carried out by using a 3D
synthesis method: assembly powers are taken from the 2D extrap-
olation and the axial power shape is determined from measured
SPND currents. In the VVER-440/213 reactor core 36 fuel assem-
blies have SPND chains installed in the central instrumentation
tubes, each chain consists of 7 rhodium SPNDs and a “background”
detector meant to be used for cable-current compensation. Mea-
sured SPND currents are converted to local fast ﬂux values by using
appropriate conversion factors calculated off-line by a transport
code; then these local fast ﬂux values are normalized to calculated
fast ﬂux values taken from the C-PORCA core-follow results. In the
ﬁnal step this normalized fast ﬂux distribution is being extrapolated
to those assemblies that do not have SPND measurement; then the
thermal ﬂux values and nodal power values are determined.
When having the 3D linear heat rate distribution available
for the whole core, sub-channel temperature distributions are
determined in every fuel assembly. The applied model uses 258
sub-channels in a fuel assembly and it also takes into account the
coolant mixing between sub-channels.
As it can be seen from the above description, the VERONA core
analysis combines in-core measurements with information cal-
culated off-line and on-line. In particular, a great deal of off-line
calculated data is used in the module calculating fast ﬂux distribu-
tions within the fuel assemblies. These data are used to carry out
quadratic interpolation in two dimensions and they are stored as
special matrices (referred to as “C-matrices”). C-matrices are used
to calculate node powers for fuel rods located inside a fuel assem-
bly node, from fast ﬂux values corresponding to the centre of the
given assembly node and to the centres of the six neighbour nodes.
On-line reactor physics tasks are categorized into two classes
according to the repetition time. The so-called “synchronous” mod-
els run in the 2 s in-core measurement cycle and they process
every measured data packet. “Asynchronous” models (performing
more detailed and more time consuming calculations) run less fre-
quently, in fact they work in a change sensitive manner and their
maximum repetition time is one hour.
The “asynchronous” model system performs the following tasks
in every step:
• A 3D diffusion calculation is carried out by the C-PORCA code,
taking into account actual reactor power, core coolant ﬂow, con-
trol rod positions and assembly inlet temperatures, as well as
nodal burn-ups and isotope concentrations. In every step the
code updates nodal burn-ups and isotope concentrations; then
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performs an integration step. Using fast ﬂux values determined
by C-PORCA, a thermal diffusion calculation is carried out at fuel
rod level (the maximum number of axial levels is limited to 50).
The calculation yields the 3D power distribution corresponding to
349 × 50 × 126 nodes, and fuel rod burn-up values can be updated
by using this distribution.
In addition, the code determines the matrix elements of the 2D
diffusion equation. It also calculates the so-called SPND predic-
tion coefﬁcient matrices that are applied to take into account the
effect of the thermal and fast ﬂux on the rhodium reaction rates.
These matrices are stored in a shared memory region called GEM,
to make them accessible by the synchronous GEPETTO-2D and
GEPETTO-AX models.
The next step is the axial extrapolation by using the GEPETTO-AX
model. The code performs an axial ﬁtting procedure for the SPND
currents, by using the axial fast ﬂux values given by C-PORCA
and the above-mentioned SPND prediction matrices. This ﬁtting
is called the GEPETTO-AX procedure and it yields an axial ﬂux
distribution ﬁtted to the actual SPND measurements.
Then 2D extrapolation is performed by the so-called GEPETTO-
2D model. It actually performs 2D perturbation of the fast ﬂux
ﬁeld, utilizing C-PORCA results, measured assembly outlet tem-
peratures and loop temperature measurements.
The 3D fast ﬂux ﬁeld extrapolated to the entire core volume is
obtained as a synthesis of GEPETTO-AX and GEPETTO-2D results.
By using this fast ﬂux ﬁeld a thermal diffusion calculation is
performed at fuel rod level and the ﬁnal 3D fuel rod power dis-
tribution is obtained at 50 axial levels.
The ﬁnal step is the determination of the sub-channel outlet tem-
perature ﬁeld in every assembly. The applied model takes into
account the mixing between sub-channels.
All measured and calculated data are then stored in the RAR reac-
tor physics archives.
The “synchronous” model system performs the following tasks
n every 2 s:
The mass and energy balance equations for the core and the pri-
mary loops are solved.
A GEPETTO-2D extrapolation is performed, by using measured
assembly outlet temperatures and loop temperature measure-
ments. The model uses matrix coefﬁcients from the GEM common
(note that these were stored there by the asynchronous task).
A GEPETTO-AX extrapolation is performed for the axial fast ﬂux
by using actual SPND currents and SPND prediction coefﬁcient
matrices stored in GEM common.
The extrapolated 3D fast ﬂux ﬁeld and the “C-matrices” are then
used to calculate fuel rod powers and the 3D linear heat rate
distribution.
The ﬁnal step is the determination of the sub-channel outlet tem-
perature ﬁeld in every assembly. The applied model takes into
account the mixing between sub-channels.
All measured and calculated data are then stored in the RAR reac-
tor physics archives.
In addition to on-line calculations the VERONA has several off-
ine calculation modules, e.g. to calculate core parameters for a
lanned fuel cycle or to determine C-matrices. Details of off-line
odes are given in Section 3.2, while Section 3.3 deals with on-line
alculations..2. Off-line calculations
The C-PORCA program – as the basic model of the off-line reactor
hysics calculations – solves the 3D two-group neutron diffusiond Design 292 (2015) 261–276
equations. The well-known form of these equations can be seen in
Eq. (1)
Mff (r) +
1
keff
(
Fff (r) + Ftt(r)
)
= 0
Mtt(r) + Stf (r) = 0
(1a)
Mf = div
[
Df (r)grad
]
−
[
˙a
f
+ ˙R
f
]
; Ff = ˙ff ; Ft = ˙ft
Mt = div [Dt(r)grad] − ˙at ; St = ˙Rf
(1b)
Here:
f(r) ; t(r): fast and thermal neutron ﬂux;
Df(r) ; Dt(r): fast and thermal diffusion coefﬁcient;
˙a
f
(r); ˙at (r): fast and thermal absorption cross section;
˙R
f
(r): removal cross section from fast neutron group;
˙f
f
(r);  ˙ft(r): fast and thermal ﬁssion cross section multiplied
with the number of neutrons released per ﬁssion;
keff: effective multiplication factor.
According to the commonly used approach the reactor core is
divided into space elements named nodes and the neutron cross
sections are constant within these nodes. In the C-PORCA code the
HELIOS is used for generating the nodal cross sections. The HELIOS
calculations prepare cross sections for nodes containing fuel and
also for nodes without ﬁssionable material. These kinds of nodes
can be found at the top, bottom and radial reﬂector areas of the
core. In general the path and tree operators are used in the HELIOS
to elaborate several state calculations in advance. The path operator
can deplete the fuel, while the tree operator is able to carry out lots
of branch calculations to cover all possible states of a node. Each
node is described with the following parameters:
• node average burn-up,
• node average moderator temperature and density,
• fuel temperature,
• boron concentration in the moderator,
• concentrations of some speciﬁc isotopes (Xe, Sm).
After the HELIOS calculations the cross section values are avail-
able at the grid points of a multi-dimensional space deﬁned by the
above listed node parameters.
Eq. (1) is solved with the well-known source iteration method
in the C-PORCA. In every source iteration steps, the code applies the
hybrid ﬁnite element method (Lewis, 1999) to obtain the neutron
ﬂux distribution inside the nodes. The interpolation of the neutron
ﬂux – using a ﬁnite element approach – is made optionally by sec-
ond or third order polynomials. After the application of Galerkin’s
method, Eq. (1) is transformed into response matrix equation inside
all nodes. When joining the nodes (as it is common in the response
matrix technique) the continuity of incoming and outgoing neutron
currents is satisﬁed.
Of course, the C-PORCA model contains algorithms to calcu-
late the heat transfer from the fuel pins to the moderator and to
determine the moderator temperature, as well. In case of VVER-
440 reactors, where fuel assemblies have a shroud (i.e. an assembly
wall) around them, the heat conduction in the assemblies needs
only a quite simple model. Knowing the feedback parameters, the
burn-up and the concentrations of some speciﬁc isotopes it is possi-
ble to determine the cross sections in every node. The C-PORCA code
uses a multi-dimensional linear interpolation method to calculate
the cross sections from the tabulated values.
After ﬁnishing the iteration process and having the node-wise
diffusion equation solved over the whole core, the node-wise and
assembly-wise power and neutron ﬂux distributions are calculated.
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hanks to the ﬁnite element interpolation method used in the C-
ORCA code, it is also possible to determine the space dependent
eutron ﬂux inside the nodes. This fact is very important, because
he pin-wise ﬂux and power reconstruction method implemented
nto the on-line VERONA core monitoring system takes advantage
f it.
As it was indicated above, the safety margins at the Paks NPP
nits are mostly based on pin-wise power distributions; therefore
 among others – it is necessary to calculate these values, as well.
n the VERONA system the pin-wise reconstruction model is based
n a diffusion calculation for thermal neutrons, carried out over a
peciﬁc 2D area of neighbouring nodes. This area consists of pin
ells situated in a region determined by the central points of the
urrounding assemblies of a speciﬁc assembly. The equation solved
n this model is given in Eq. (2). Obviously, Eq. (2) is solved several
imes to cover every fuel pin of the core, at each axial layer.
The neutron cross sections inserted in Eq. (2) are calculated the
ame way as the node-wise data. In other words, during the HELIOS
alculations not only the cross sections are homogenized over a
ode, but cross sections homogenized for pin cells with different
ositions inside the assembly are also evaluated. This approach is
ble to take into account the spectral characteristics of the individ-
al pin cells. However, the cross sections of the pin-cells depend
nly on node parameters, excluding burn-up. In the pin-wise model
f C-PORCA all pins have their individual depletion values. Cross
ections for pin cells are determined in the phase of the node-wise
teration, so the pin-wise model does not need to perform feedback
terations.
div [Dt(x, y)gradt(x, y)] +
(
˙at (x, y) + DtB2t
)
t(x, y)
= ˙Rf (x, y)
∑N
i=1
fi(z)Li(x, y) (2)
ere:
t(x, y): 2D thermal neutron ﬂux;
Dt(x, y): pin-wise thermal diffusion coefﬁcient;
˙at (x, y): pin-wise thermal absorption cross-section;
B2: axial thermal buckling coming from the 3D node-wise model;
˙R
f
(x, y): pin-wise removal cross-section;
Li(x, y): ﬁnite element basic polynomials of fast ﬂux in a node;
fi(z): amplitudes of ﬁnite element polynomials of fast ﬂux at layer
‘z’.
When Eq. (2) is solved, the reﬂective boundary condition is
pplied at the 2D edges of the geometry considered. However,
his consideration is not entirely valid, therefore only the thermal
ux originating from the central assembly is applied to calculate
he pin-wise margins. Areas among the central assembly node are
aken as a balance region to eliminate the effect of unknown bound-
ry conditions.
The installed computer capacity of the VERONA system would
ot allow performing the pin-wise calculations for the whole core.
n order to get pin-wise data, these kinds of calculations are per-
ormed in advance, before starting a new fuel cycle. As a part of the
efuelling option of the VERONA system a set of calculations are car-
ied out. This consists of several state variations of thermal power
nd control rod position, where determinations of the so-called ‘C’
atrixes are done. The basic idea of ‘C’ matrixes is as follows.
After a 3D node-wise calculation all cross sections in the pin cells
re available everywhere in the core. Knowing the cell-wise cross
ections it is possible to solve Eq. (3), where the right side contains
nly basic polynomials of ﬁnite element interpolation.
div [Dt(x, y) grad Lit (x, y)] +
(
˙at (x, y) + DtB2t
)
Lit (x, y)
= ˙Rf (x, y)Li(x, y) (3)d Design 292 (2015) 261–276 267
Now, let us denote the pin-wise power given from the result of
Eq. (3) as follows:(
e˙ft 
Li
t (x, y) + e˙ff Li(x, y)
)
→ Cn(Li(x, y)) (4)
Here letter ‘n’ means the serial number of the central node in the
considered 2D geometry. Take notice that the result of Eq. (2) can be
reproduced if knowing Eq. (4) at each ‘i’, as it is shown in expression
(5)
pinpower (x, y, z) =
∑
i
fi(z)Cn(Li(x, y)) (5)
Therefore the above deﬁned approach of pin-wise ﬂux and
power reconstruction means that it is possible to determine the
pin-wise thermal ﬂux in advance. During reactor operation only
the node-wise 3D diffusion model has to be solved, because the
amplitudes of the fast ﬂux in the ﬁnite element interpolation allow
us to calculate the pin-wise power distribution.
Some new designs of fuel assemblies have been introduced
at the units of NPP Paks during the last years. The aim of this
improvement was to increase the reactor thermal power and econ-
omize the fuel cost. All these assemblies have differently enriched
pins depending on their radial positions, and some pins contain
gadolinium (burnable poison), as well. Three different new assem-
bly designs are shown in Fig. 2.
3.3. On-line calculations
The VVER-440/V213 reactor has 210 thermometers furnished
to measure the outlet temperature of selected fuel assemblies and
36 SPN detector chains to measure the neutron ﬂux in 36 addi-
tional assemblies. This relatively dense instrumentation gives a
good opportunity to ﬁt the reactor analysis model to the mea-
surements. Application of outlet thermometers and SPN detectors
for calculation of operational margins in the on-line VERONA core
monitoring system can increase the level of reactor safety.
Some measured data, like actual reactor power, control rod pos-
itions and assembly-wise inlet moderator temperature are given
to the C-PORCA node-wise model in every “asynchronous” cycle.
However, these quantities are global ones and cannot carry infor-
mation about local characteristics of the core. Only the signals of
in-core measuring devices are able to supply information charac-
terizing the interior of the reactor core. In order to increase the
accuracy and reliability of margins determined by the VERONA sys-
tem it is obvious that measured in-core values must be taken into
account, as well.
At ﬁrst it seems to be an easy task to use in-core data for the
determination of safety margins, but there are some problems:
• The measured information is not detailed enough to describe the
local, spatial features of the pin-wise neutron ﬂux or power with
sufﬁcient detail.
• From the previous fact it follows that core monitoring systems
have to use a kind of – even if simpliﬁed – neutron transport
model to determine operational margins.
• However, implementation of a diffusion model with its boundary
conditions into the on-line core monitoring system gives a com-
pact and fully determined description of the investigated reactor
core; therefore it is not possible to add any other supplementary
information to it.Finally we have a closed diffusion model and a huge amount
of measured information from the core. The question immediately
arises: how is it possible to merge all available information in order
to obtain the most adequate safety margins.
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The idea of a compound model, which allows the use of cal-
ulation results as well as measured signals, can be formulated as
ollows:
Step 1: The 3D ﬂux distribution is available after solving Eq. (1a)
s the series of ﬁnite element polynomials. So its decomposition is
ossible as follows:
f (r) =
∑
˚f (x, y) · ϕf (z)
∫ Hc
0
ϕf (z)dz = 1
t(r) =
∑
˚t(x, y) · ϕt(z)
∫ Hc
0
ϕt(z)dz = 1
(6)
ere Hc is the height of the core.
Step 2: After performing the transformations given below we
btain a 2D 1.5-group model (8) instead of the original 3D 2-group
odel.
M2D =
∫ Hc
0
Mfϕf (z)dz
F2D =
∫ Hc
0
(
Ff − FtM−1t St
)
ϕf (z)dz
(7)
M2D +
1
keff
F2D
)
(x, y) = 0 (8)
Here keff denotes the largest eigenvalue, while ˚0(x, y) is the
orresponding eigenfunction of (8).
Step 3: Now let’s apply a small perturbation on the 2D operators
nd the ﬂux in Eq. (8):
1
2D = M2D + M2D; F12D = F2D + F2D; 1 =  +  (9)
The perturbed equation, after neglecting second order members
ooks like:(
M + 1 F
)
(x, y) = 2D keff 2D
 = −
(
ıM2D +
1
keff
ıF2D
)
(x, y)
(10) phases of reactor power increase project.
Step 4: The multiplication factor in Eq. (10) is assumed to remain
the same (equal to 1.0 in a critical state) after the perturbation, as it
was before. This fact generates a consequence and a requirement:
det
(
M2D +
1
keff
F2D
)
= 0
〈
∗, 
〉
= 0
(11)
The lower equation of (11) is the Fredholm’s condition and ˚*(x,
y) satisﬁes the adjoint equation of (8):(
M∗2D +
1
keff
F∗2D
)
˚∗(x, y) = 0 (12)
Here we have to note that – as a consequence of the perturba-
tion – the simple Eq. (8) has been supplemented by Eq. (10), which
allows us to take into account the signals of in-core thermocouples.
In general, the  source term may depend on several parameters
according to the perturbation of operators in (10). These param-
eters qualify the fuel assemblies by their position (symmetrical
positions) or material composition (burn-up, enrichments, temper-
ature rise of assemblies, etc.)
Step 5: In the VERONA system the predicted thermocouple sig-
nals after perturbation are required to satisfy the minimum of the
functional (13). In the expression (13) the m,i are the measured
signals, the S operator transforms the ﬂux to thermocouple signals,
and ‘c’ is a normalization factor, because the eigenfunction in (8) is
not normalized.
I =
∑N
i=1
(mi − {S(c · ˚(x, y) + ı˚(x, y))}i)2 (13)
According to the general perturbation theory (GPT) the least-
square ﬁtting in (13) has been completed, as follows:
I1 = I + 	 ·
[(
M2D +
1
keff
F2D
)
ı˚(x, y) − 
]
− d ·
〈
˚∗(x, y), 
〉
(14)
Here the second term on the right hand side requires Eq. (10),
while the third term requires the Fredholm’s condition to be satis-
ﬁed. 
 and d are Lagrange multiplication factors. The (14) functional
has to be minimized by parameters of . The method described
in the previous steps is called the GEPETTO-2D model in VERONA
system.
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Step 6: The signals of SPN detectors are used only for correcting
he axial shape of the neutron ﬂux. This is fulﬁlled by adding some
ourier functions to the original ﬂux, as it is shown in (15).
fit
f
(z) = ϕf (z) +
∑
l
al · sl(z) (15)
The VERONA models apply correlation for prediction of detec-
or signals from neutron ﬂux. This correlation is determined by
ELIOS during the cross section generation phase. Knowing the
etector signal prediction the ﬂux correction can be obtained by
he minimum requirement given in expression (16).
F
inimum
al,bj
=
∑
j,m
[
i()jm +
∑
l
al · i(sl)jm − bj · ijm
]2
(16)
here i()jm and i(sl)jm are the predicted detector currents from
he calculated ﬂux and Fourier functions, respectively. The index ‘j’
eans the positions of SPND chains, while index ‘m’  is the detector
osition within a chain. The applied members of Fourier series are
eﬁned in (17).
l = sin
(
l
Hc
z
)
; l = 1,. . .,  5 (17)
The bj ﬁtting factors can ensure that the measured signals are
sed for axial corrections only. This axial ﬁtting method is called
he GEPETTO-AX model in the VERONA system.
Step 7: The ﬁnal step of ﬂux reconstruction method is the syn-
hesis of the fast neutron ﬂux. This is given in (18).
fit
f
(r) =
∑[
c · ˚f (x, y) + ı˚f (x, y)
]
·
[
ϕf (z) +
∑
l
al · sl(z)
]
(18)
Note that the expression of fast ﬂux on the right hand side of Eq.
2) can be conform to the fast ﬂux determined by reconstruction
ethod given in (18) expression. This conformance depends on the
ight selection of functions in (6).
Having the ﬁtted ﬂux (18) everywhere in the reactor core, the
alculated pin-wise power can be easily determined by using pre-
alculated ‘C’ matrixes in expression (5). The VERONA system also
as fast and accurate models for the determination of assem-
ly sub-channel outlet temperature and moderator enthalpy. This
lgorithm can take into account the radial mixing of water among
ub-channels, as well. For this purposes mixing matrixes were
mplemented into the model, which have been ﬁtted to results of
OBRA code (Rowe, 1973).
In the fuel assembly nodes the actual values of fuel and coolant
emperatures are calculated in a stationary way, time-dependent
eat transfer models are not applied. The average value of the
oolant temperature in a node (Tnode) is determined from the inlet
nd outlet enthalpy of the node, as follows:
i  = iout − iin =
wnode
gassembly
Tnode =
Tin + Tout
2
(19)
ere wnode is the node power; gassembly is the coolant mass ﬂow
ate in the assembly, while iout, Tout and iin, Tin denote the outlet
nd inlet node enthalpy and coolant temperature, respectively.
The coolant temperature at the node inlet and outlet is given
rom a second order polynomial ﬁtted to the temperature-enthalpy
unction at nominal reactor pressure (i.e. at 123 bar):
in =
−B +
√
B2 − 4 · A · (C − iin)
2 · A Tout =
−B +
√
B2 − 4 · A · (C − iout )
2 · A (20)
ere A, B and C are ﬁtted parameters.
The average fuel temperature in a node (T ) is determined fromfuel
he average coolant temperature and the node power using ﬁtted
econd order polynomials:
fuel = Tcool + C1(Bu) · w2node + C2(Bu) · wnode (21)d Design 292 (2015) 261–276 269
Here C1(Bu) and C2(Bu) are ﬁtted parameters depending on the
burn-up (Bu) of the node.
Note that the cladding temperature is not determined by the
models because it is not monitored by the system explicitly. Its lim-
itation is ensured by limiting the fuel rod and fuel assembly power,
the linear heat rate of the fuel rods, as well as the sub-channel outlet
temperatures.
3.4. Detector signal predictions in the VERONA system
In order to take into account the in-core signals it is necessary
to have algorithms, which are able to predict the measured values
from calculated neutron ﬂux or pin-wise power. The VERONA sys-
tem has models for the prediction of both SPND and thermocouple
signals.
3.4.1. Prediction of SPND currents
The SPN detectors have a very simple construction to measure
the neutron reaction rate in their emitter. On one hand these sim-
pliﬁed detectors, which mostly look like a piece of wire and do not
need external power supply are very suitable to be installed inside
the reactor core. On the other hand the signal they produce needs to
be further processed to get any reasonable reactor-physical quan-
tity. The most common way  of the SPND signal processing is when
the pure detector current is transformed into the power or ﬂux of
the fuel pins surrounding the detector. During this transformation
the effect caused by the surroundings of the detectors and the effect
of the detector emitter depletion are usually separated and handled
in different way.
In the VERONA core monitoring system at Paks NPP both the fast
and thermal ﬂuxes are used to predict the rhodium reaction rate.
The conversion factor between the detector current and the average
ﬂuxes in the central tube is calculated off-line by the HELIOS code
taking into account all of the possible situations during a fuel cycle:
rRh =
(
S1 · ¯1 + S2 · ¯2
)
· 1
(1 −  (Tm) · G)n(Tm)
(22)
Here we  used the following notations:
rRh: calculated reaction rate in the detector emitter,
S1, S2: fast and thermal ﬂux correlation function,
1, 2: fast and thermal ﬂux at the central hexagonal cell,
G: accumulated electric charge released in the emitter,
(Tm), n(Tm): ﬁtting factors.
The fast and thermal conversion functions are always deter-
mined for fresh (i.e. non-depleted) rhodium. During this process
the parameters of the fuel assembly where the detector is situated
have been changed to cover all possible future states of that par-
ticular assembly. So the S1 and S2 functions depend on a set of
parameters as follows:
S1
(
B, Tm, m, Tf , Cb, Xe
)
; S2
(
B, Tm, m, Tf , Cb, Xe
)
(23)
In our model the neutron ﬂuxes are considered as average val-
ues over the central hexagonal cell in an assembly. All calculations
described below have been carried out by HELIOS code, along with
the two-group cross section generation process.
To determine the impact of the rhodium depletion on the
rhodium reaction rate, the well-known exponential formula with
two parameters is applied. In this formula the G quality means the
time integrated electric charge, which has been emitted since the
detector was put ﬁrst time into the core. After a thorough inves-
tigation it was found that we can get more accurate predictions if
the  and n parameters in Eq. (22) have a slight dependency on the
moderator temperature (Fig. 3).
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tig. 3. Emitted charge of electrons from the SPND as predicted by HELIOS and the co
.4.2. Prediction of assembly outlet temperatures
The sub-channel model of the VERONA system provides an
ppropriate starting point to carry out a suitable interpreta-
ion of the temperature values measured by the assembly outlet
hermocouples. Preliminary calculations have shown that these
hermocouples do not measure the exact average coolant tem-
erature at the fuel assembly outlet; their response is mainly
etermined by contributions originating from the central region
f the assembly.
The presently applied VERONA model calculates coolant
nthalpy and temperature at the location of the thermocouple
rom the enthalpy values corresponding to the coolant leaving the
ub-channels of the assembly. For the sake of simplicity the sub-
hannels of an assembly are divided into ﬁve regions (see Fig. 4)
nd the coolant enthalpy at the location of the thermocouple is
etermined as a function of the average enthalpies corresponding
o the coolant leaving these regions. The applied model is rotation-
nvariant if the vertical axis of the fuel assembly is considered, but
his approximation does not inﬂuence the accuracy of our calcula-
ions, due to the geometry of the assembly head.
Fig. 4. Considered areas at the assembly outlet for TC signal interpretation.ion function used in C-PORCA at proﬁled assemblies, as the function of fuel burn-up.
The coolant enthalpy at the location of the assembly outlet ther-
mocouple is determined according to (24):
HTC =
∑6
i=1
i ∗ Hi (24)
Here HTC denotes coolant enthalpy at the TC location; Hi is the
enthalpy of the coolant leaving the ith region (see Fig. 4); and i is
the weight factor corresponding to the ith region. The weight fac-
tors were determined from CFX calculations and from least-squares
parameter ﬁttings to measurements. The summation in (24) is car-
ried out for the ﬁve regions and the central instrumentation tube
(see Fig. 4).
4. Validation of core analysis modules
Accuracy requirements imposed on the new reactor physics cal-
culations are shown in Tables 1–3.
During initial project phase a detailed V&V plan was  prepared
in order to deﬁne a necessary and sufﬁcient test scope to prove
with certainty that the new system fulﬁls the above given accu-
racy requirements. The V&V plan deﬁned test cases for the various
calculation modules (as well as for the integrated system) and spec-
iﬁed acceptance criteria for each test. In general, acceptance criteria
were derived from the accuracy requirements.
4.1. Veriﬁcation tests
Veriﬁcation tests had to be carried out for all calculation mod-
ules due to signiﬁcant changes in the internal data structure
(e.g. new common regions were introduced). Resources related
to input/output operations were also increased due to the new,
much ﬁner spatial resolution; therefore the proper handling of very
Table 1
Accuracy requirements for the basic parameters applied in core power limitation.
Parameter Unit Standard deviation
Cold leg temperature (average) ◦C 0.11
Primary loop coolant heat-up (average) ◦C 0.17
Fuel rod linear heat rate W/cm 13.0
Sub-channel outlet temperature ◦C 2.33
Assembly power MW 0.1
Fuel rod power kW 1.8
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Table  2
Accuracy requirements for on-line extrapolation algorithms.
Parameter Unit Standard deviation
Deviation of extrapolated assembly T  from reference value in the non-metered
positions (for extrapolations performed in symmetric core states)
◦C <0.40
Deviation of extrapolated assembly T  from reference value in the metered positions
(for extrapolations performed in symmetric core states)
◦C <0.35
Deviation of extrapolated relative node power (Kv) from reference value in the
non-metered positions (for extrapolations in symmetric core states)
– <0.04
Table 3
Accuracy requirements for off-line and on-line diffusion calculations.
Parameter Max. deviation Standard deviation
Deviation of assembly powers (normalized to average) from the (ﬁne-mesh diffusion) benchmark
calculation
<0.035 <0.02
Deviation of assembly nodal powers (normalized to average) from the (ﬁne-mesh diffusion)
benchmark calculation
<0.10 <0.03
Deviation of measured and calculated assembly powers (normalized to average) in fuel assemblies
equipped with outlet thermocouple
– <0.025
Deviation of calculated, normalized fuel rod powers (Kk) from the (Monte-Carlo or transport)
benchmark calculation
–
<0.06b
<0.025a
–
Deviation of measured and calculated critical boron concentration (BOC, at minimum controllable
power, Tmoderator ≈ 260 ◦C)
– <0.15 g/kg
Deviation of measured and calculated outlet temperatures in fuel assemblies equipped with outlet
thermocouplec
– <0.75 ◦C
Deviation of calculated sub-channel outlet temperatures from the values given by a COBRA
reference calculationd
– <0.50 ◦Ca
a For both homogeneous and heterogeneous fuel environments.
b For inhomogeneous fuel environments (close to the reﬂector or in the vicinity of control assemblies).
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arge data ﬁles had to be checked, as well. The actual veriﬁcation
ork was a time consuming activity since a lot of source modules
nd input/output ﬁles had to be manually checked in all possi-
le calculation modes. Large program modules (such as C-PORCA
, GEPETTO, generation of C-matrices, fuel rod linear power and
uel assembly sub-channel outlet temperature calculation) were
eriﬁed with special care.
.2. Validation tests
Validation tests were aimed to check individual module accu-
acy and the overall accuracy of the calculation system composed
rom the modules. Individual modules can be well tested by using
enchmarks and/or operational data (including in-core data) mea-
ured at the plant. The last some years of VERONA operation
roduced a vast amount of archived in-core data (all measured
ata are stored with 2 s frequency for both stationary and transient
eactors states) and these could be perfectly utilized for our tests.
he most important validation tests carried out for the individual
odules were as follows:
Checking the nodal diffusion calculation with reference data
taken from HELIOS transport calculations and from in-core mea-
surements (reference in-core data covering several consecutive
fuel cycles were used).
Checking fuel rod power and fuel assembly sub-channel outlet
temperature calculations with reference data taken from HELIOS
transport calculations, Monte-Carlo (MCNP) benchmark data, as
well as from in-core measurements.
Checking 2D and axial extrapolation algorithms of the GEPETTO
code by using a very large number of measured assembly out-
let temperature and SPN detector current ﬁelds (measured data
covering several consecutive fuel cycles were used).
Checking the calculation of rhodium emitter reaction rates (i.e.
the accuracy of SPND current prediction) by using a very largelic calculations at fuel assembly level. An additional requirement is also imposed:
 must not exceed 0.50 ◦C.
lic calculations at fuel assembly sub-channel level, as well.
number of SPND current ﬁelds (measured data from different
units and covering several consecutive fuel cycles were used).
Validation tests for the integrated calculation model utilized
mainly in-core data as references. During the tests it had to be
proven that the accuracy of the calculation system meets the given
requirements (see Tables 1–3).
Methodologically the validation tests were carried out by using
three different approaches:
• Large number of validation tests was performed by the Reactor
Physics Department of the plant, with the help of a powerful
VERONA-e expert system conﬁguration.
• Several test scenarios were executed at a special test conﬁgura-
tion called VERONA-t. These tests were mainly carried out by KFKI
AEKI, but some long term on-line tests were also assisted by the
plant’s O&M department.
• The third approach used special test environments (“test beds”)
built for the purpose. This method was  applied by independent
companies contracted by the plant to carry out speciﬁc validation
tasks.
Application of these very different environments proved to be
very useful. Test conﬁgurations had different operating systems
(Linux was  also used) and different hardware composition, thus
software portability or compatibility issues were detected and cor-
rected at an early stage.
Results of some tests were communicated in Pós and Parkó
(2010) and Pós et al. (2012).
In the following treatment some selected validation results are
discussed in more details.Options to improve the accuracy of the “microscopic” calcula-
tions (i.e. calculations inside the fuel assemblies) were investigated
in detail. Best results – compared to the HELIOS reference data –
were obtained with the application of a more detailed description
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f the fuel rod cross-sections (24 different cross-sections were
sed instead of the original 5), because this ensured a better (ﬁner)
reatment of the fuel rods surrounding the gadolinium rod.
Further on the C-PORCA model used for the determination of
hodium reaction rates in the SPND emitters was investigated in
etail. The effect of fast- and thermal-neutron ﬂux correction fac-
ors (applied in the central cells of the fuel assemblies) was assessed
nd suggestions were formulated for their improvement. Reference
ata were taken from HELIOS transport calculations. The devia-
ion of the C-PORCA results from the reference was  quite low (the
verage deviation was around 1%), as it is illustrated in Fig. 5.
During the gradual introduction of the new fuel with a
lightly larger (12.3 mm)  lattice pitch a systematic difference was
bservable between the measured and calculated assembly out-
et temperature values. This phenomenon was clearly visible on
he statistical distributions of differences determined for the so-
alled “mixed” cores containing assemblies with 12.2 mm and with
2.3 mm lattice pitch, as well. Detailed calculations revealed that
ssembly outlet thermocouple readings often did not correspond
o the average assembly outlet temperature; rather they sensed the
emperature corresponding to the central region of the assembly.
n order to be able to determine the “real” average assembly outlet
emperature from the thermocouple readings a so-called “TC inter-
retation” model had to be developed (see Section 3.4). This model
rovided for the average assembly outlet temperature by using the
emperature value measured by the assembly outlet TC. The TC
nterpretation model was developed by using results given by a
etailed analysis of the mixing processes taking place in the head
art of the fuel assemblies. Mixing phenomena in the assembly
ead were analysed by very detailed CFD calculations (see Tóth and
szódi, 2009). The results of these calculations were used to derive
eight factors for the ﬁve regions deﬁned in the fuel assemblies
see Fig. 4 for the illustration of the concentric regions).
The TC interpretation model was introduced and tested in
Szécsényi and Szécsényi, 2008). Correctness of the model was
lso proven for fuel assemblies with gadolinium absorber rods. By
sing this interpretation model a much better agreement could be
chieved between the calculated and measured assembly outlet
emperatures, even for mixed cores. Fig. 6 shows the behaviour
he measured versus calculated assembly outlet temperature devi-
tions during ﬁve consecutive fuel cycles of a Paks NPP unit. The ﬁrst
nd the last shown cycles contained only one type of fuel assem-
lies. The ﬁgure shows that without TC interpretation the average
eviation may  reach even 0.8 ◦C, but with correction the average
eviation tends to remain in the [−0.3 ◦C; +0.1 ◦C] region. core positions as determined by the HELIOS and C-PORCA codes, respectively.
5. Operational experience
A new fuel type (assembly with 4.2% average enrichment, con-
taining 3 gadolinium pins) has been successfully introduced at
all Paks units. Standard deviation of measured versus calculated
assembly heat up is under 2.5%, while deviation of measured and
calculated DPZ currents is also under 3% for the whole cycle. The
interpretation of signals of assembly outlet thermocouples in the
VERONA core monitoring system worked successfully and was able
to take into account the effect of imperfect coolant mixing in the
assembly head.
Without the correction given by this model – supposing that
thermocouples show the average assembly outlet temperatures –
calculations would have underestimated the value of measurement
by 1.8–2.0 ◦C, approximately (see Nemes et al. (2010, 2012)).
Operational results showed that predicted and measured ther-
mocouple signals can be characterized as follows (see Figs. 7 and 8):
• For the 3.82% enriched, radially proﬁled assemblies (denoted as
1011) calculations agreed very well with measured values.
• For the 2nd year old, 4.2% enriched Gd-2n assemblies (denoted
as 1014) the agreement is also fairly good.
• However, for the 1st year old Gd-2n assemblies there is a sys-
tematic deviation at BOC, here the calculation underestimates
the measured data. Deviation is 0.5–1.0 ◦C at zero burn-up state
and it is decreasing to zero by the EOC condition.
In case of SPN detectors the picture is quite different, as it is
shown in Figs. 9 and 10. These detectors are not inﬂuenced by the
water-mixing effect in the assembly head so their deviations from
predictions are able to show how accurate and reliable the above-
described model is for correction of TC signals. The received result
can summarized as follows:
• For the 1st year old Gd-2n assemblies there is a systematic devi-
ation at BOC, indicating that calculations slightly underestimate
the measurements in the central fuel region.
• For the 3.82% enriched and 2–3 years old Gd-2n assemblies the
prediction is reasonable and approximately correct.Finally Fig. 11 shows the measured and calculated critical boric
acid concentrations for two Paks NPP units. The agreement between
the measured and calculated concentrations is good and the fuel
cycle length is also calculated correctly by C-PORCA.
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. Future plans for improvement
.1. Reasons to improve further
The present VERONA V6.22 system is a result of a two-step
evelopment process, spanning over almost 8 consecutive years.
he ﬁrst step (carried out between 2003 and 2007) produced a
fully renovated” system that was able to serve the reactor power
ncrease project with a more accurate and more frequent core
ig. 7. Deviation between calculated and measured average assembly temperature rise d
Gd-2n).et temperatures during several fuel cycles. One plotted point means the result of
analysis. The second step (completed between 2008 and 2010)
focused on reactor physics code developments required to get
the system ready for handling the new fuel assemblies containing
gadolinium burnable poison. During the last some years this ver-
sion has served the Paks NPP control room operators satisfactorily
and supported the reactor power increase project, as well as the
introduction of the fuel with gadolinium.
However, the plant intends to continue its efforts to produce
electricity as efﬁciently, as possible, therefore in 2012 the Paks NPP
uring cycle 24 of Unit 4 for two assembly types: 1011 (3.82% enriched) and 1014
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Gd-2n).
ecided to gradually introduce fuel cycles with 15 month length
note that presently all Paks units are operated in 12 month long
ycles). Economical realization of the 15-month length fuel cycle
s possible only with a new fuel type, which differs signiﬁcantly
rom the presently used fuel with three gadolinium absorber rods.
ccording to preliminary estimates, the volume of on-line reac-
or physics calculations must be increased signiﬁcantly, in order to
nsure that the on-line analysis of the new fuel assemblies (hav-
ng six gadolinium rods inside) fulﬁls the prescribed strict accuracy
equirements. In addition to the longer fuel cycle it is also planned
hat Paks units will be operated more frequently in load-follow (fre-
uency control) mode and that also requires a more capable core
nalysis in terms of speed and accuracy. It is therefore proposed
hat parallel to the introduction of longer fuel cycles, the computing
apacity of the core monitoring system shall be increased signiﬁ-
antly, and this computing power upgrade shall be accompanied by
Fig. 9. Deviation between calculated and measured SPND signals during cycle 24 of Unduring cycle 25 of Unit 4 for two assembly types: 1011 (3.82% enriched) and 1014
the introduction of more sophisticated and more accurate reactor
physics algorithms.
6.2. Proposals to accomplish further improvements
In order to have a solid technical basis for the planned VERONA
resource upgrading project, the plant contracted to prepare a com-
prehensive conceptual plan, later to be used as the starting point
for the preparation of the new system design document. The con-
ceptual plan identiﬁed approaches to achieve signiﬁcant system
resource increase and to ensure long-term system maintainabil-
ity, in a cost effective and ﬂexible manner. The most important
proposal is the application of GPGPU (general purpose graphical
processing unit) cards on the computers performing reactor physics
calculations. When these special cards are applied (and the associ-
ated software libraries such as CUDA/CULA are duly utilized) it is
it 4 for two  different assembly types: 1011 (3.82% enriched) and 1014 (Gd-2n).
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Fig. 10. Deviation between calculated and measured SPND signals during cycle 25 of Unit 4 for two different assembly types: 1011 (3.82% enriched) and 1014 (Gd-2n).
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sFig. 11. Measured and calculated critical b
uite straightforward to achieve one order of magnitude decrease
n computing times. In order to utilize the GPGPU capacity in an
ptimal way, one must use special library routine calls within the
eactor physics codes. These calls ensure that the generated exe-
utable code uses the large number (e.g. several thousands) of
raphical processing units located on a GPGPU card in an efﬁcient
nd optimal way.
Another important proposal is the application of the so-called
virtual machine” (VM) technology on all computers working in
he core monitoring system. By running the VERONA applications
n a virtual environment the application software and the actual
perating system is separated from the physical hardware, because
he previous ones are “wrapped” into a virtual software (VMWare
or example) and they do not deal with the specialities of the
ctual hardware applied to run the system. This solution facilitates
ong-term maintainability of a system to a great extent. For exam-
le when the hardware (e.g. a server computer or a workstation)
s replaced, then the application software is not inﬂuenced at all.
ne must ﬁrst install the virtual environment on the new server;
hen the previously saved virtual machines must be copied to the
ewly created environment. After these two steps the software
ystem is ready to perform its tasks as before, without the need to
ake any changes in the application software or in the operating
ystem. This approach ensures long-term sustainability of anycid concentrations for two Paks NPP units.
software system, provided that the utilized virtual environment
(or its actual version) can be installed on the new hardware
device.
The third enhancement proposal is aimed to improve the inter-
nal network operation, as well as the security of the external
communication channels (by using safe, unidirectional data-diode
devices in the data transfer channels and by means of so called
mirror-servers).
Preparations to start the above described upgrading project are
under way  at Paks NPP and it is believed that the project can be
accomplished between 2014 and 2017 at all Paks units.
7. Conclusions
The paper outlined the main characteristics of the upgraded
core monitoring system installed at the Hungarian Paks NPP for
properly handling the new fuel containing burnable absorber rods.
In the ﬁrst part of the paper an overview of the system version
utilized during the ﬁrst phase of the reactor power increase project
was given; then details of the modiﬁed off-line and on-line VERONA
reactor physics models were described. Validation and veriﬁca-
tion of the new calculation system constituted signiﬁcant work,
therefore the V&V process and its results were treated in sufﬁcient
detail. Details on the experience obtained during the operation of
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he new reactor physics calculations were also discussed and the
orresponding lessons-learnt were summarized. After discussing
he actual situation of the core monitoring system, plans for
he forthcoming system modiﬁcations – related to the planned
ntroduction of 15 month long fuel cycles – were shortly outlined.
Based on the positive operational experience obtained with the
resent V6.22 version, it can be stated that the modernized VERONA
ystem served the second phase of the Paks NPP power increase
roject successfully. The new reactor physics calculation system
upplied control room operators with reliable and accurate on-
ine data also for core loads containing the new, “optimized” fuel
ith gadolinium absorber rods. The new system also provided large
mount of data for the off-line reactor physics analysis, which was
ndispensable to assess and monitor the accuracy of the new reactor
hysics algorithms.eferences
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